Introduction
============

Photofunctional nanomaterials have been widely applied to the biomedical field owing to outstanding optical, chemical, and electrical properties^[@bib1],\ [@bib2],\ [@bib3],\ [@bib4],\ [@bib5],\ [@bib6]^ and have emerged as viable alternatives to small molecular probes. Current photofunctional nanomaterials used for biomedical applications include quantum dots, upconversion nanoparticles and gold nanoparticles, and each has merits and limitations. For instance, quantum dots have bright and size-tunable emission but are toxic and experience blinking^[@bib7],\ [@bib8],\ [@bib9],\ [@bib10],\ [@bib11]^. Upconversion nanoparticles (UCNPs) are excitable by near-infrared light and allow imaging in deep tissues, but the upconversion efficiencies need to be improved^[@bib12],\ [@bib13],\ [@bib14],\ [@bib15],\ [@bib16]^. Gold nanoparticles possess easy functionalization and color tunability, but are usually used as fluorescence quenchers because of their broad absorption spectrum and large molar absorption coefficients^[@bib17],\ [@bib18],\ [@bib19],\ [@bib20],\ [@bib21]^.

Gold nanoclusters (Au NCs) are a new type of luminescent nanomaterial^[@bib22],\ [@bib23],\ [@bib24],\ [@bib25],\ [@bib26],\ [@bib27]^. Their small dimensions lead to molecule-like properties that are different from gold nanoparticles^[@bib24],\ [@bib25]^. Au NCs display many interesting characteristics, such as good water solubility, high photostability, size-tunable emission maxima, large Stokes shifts, good biocompatibility and easy bioconjugation. In addition, Au NCs capped with thiolate ligands display long emission lifetimes, which vary from hundreds of nanoseconds to microseconds^[@bib26],\ [@bib28]^. The long lifetime enables to minimize the autofluorescence interference in biological samples through time-resolved luminescence techniques^[@bib29],\ [@bib30],\ [@bib31],\ [@bib32]^. The downsides of Au NCs are their relatively low quantum yields and the environment-dependent photoluminescence. To address these problems, efforts have been made to improve the quantum yields and modify the surfaces of Au NCs to resist effects from their environment.

Herein, we developed a novel strategy using Chi-functionalized Au NCs (Au NCs\@Chi) to enhance the quantum yields and improve the resistance to their environment. Au NCs\@Chi were readily functionalized via the free amino groups of Chi to develop biological probes. As an example, we designed a novel sensing platform utilizing Förster resonance energy transfer (FRET) for the rapid detection of hydrogen sulfide (H~2~S). H~2~S were used for sensing because it is associated with the regulation of many biological processes, including vasodilation^[@bib33],\ [@bib34]^, anti-inflammation^[@bib35],\ [@bib36]^ and neurotransmission^[@bib37]^. We employed the Au NCs as energy donors and the specific H~2~S-sensitive merocyanine derivative (Cy1) as an energy acceptor to construct a FRET platform ([Figure 1](#fig1){ref-type="fig"}). The sensing platform displayed dual emission bands and the band that was ascribed to Cy1 was dominated. Upon addition of H~2~S, Cy1 responded dynamically to H~2~S by decreasing the absorbance peak, inducing the blocking of the FRET process, and thus, the luminescence profile was dominated by the emission from the Au NCs. Both luminescence intensities were recorded and their ratio changes were calculated for wavelength-ratiometric detection. This ratiometric measurement avoided most ambiguities from the experiment conditions, such as the probe concentration and excitation laser power^[@bib38],\ [@bib39],\ [@bib40]^. In addition, the efficient FRET process from the Au NCs to Cy1 gave rise to a long luminescence lifetime of the nanoprobe, which enabled the minimization of the autofluorescence interference in biological environments through TLI. Due to a significant change in emission lifetime upon interaction with H~2~S, lifetime-based detection was possible. Similar to the ratiometric measurement, the influences from the probe concentration and the excitation pulsed power were reduced^[@bib41],\ [@bib42]^. Hence, the dual-emissive nanoprobe was used for exogenous and endogenous H~2~S detection in live HeLa cells and zebrafishes. The nanoprobe was demonstrated to maintain high H~2~S sensitivity and display good resistance to interference from the external environment.

Materials and methods
=====================

The chemicals, reagents and characterization measurements are used according to the previous work^[@bib39],\ [@bib43]^ reported by our group. Cellular experiments used HeLa cells as examples, and were conducted according to the work^[@bib39]^. The incubation concentration of Au NCs-Cy1 was 25 μg ml^−1^. The cytotoxicity experiments were performed via the methyl thiazolyl tetrazolium (MTT) assay. Au NCs-Cy1 at different concentrations (12.5--200.0 μg ml^−1^) were added to incubate cells in 96-well assay plate^[@bib44]^.

Au NCs were obtained by reduction using HAuCl~4~, tetrakis(hydroxymethyl)phosphonium chloride (THPC) and 11-mercaptoundecanoic acid (MUA) under a basic environment. Chitosan oligosaccharide lactate (Chi) and chitosan were coated onto Au NCs through EDC/NHS chemistry. To investigate the effect of the concentration of Chi, various concentrations of Chi (0.5--5.0 mg ml^−1^) were used for the preparation. In addition, we used the same method to obtain Au NCs\@Chitosan with a varied molecular weight. The average molecular weights of chitosan used were 50--190, 190--310 and 310--375 kDa, respectively. Various concentrations of Cy1 (2, 20 and 200 μM) were used to investigate the effect of the concentration of Cy1 for the synthesis of Au NCs-Cy1. The detailed preparation processes are explained in the [Supplementary Information](#sup1){ref-type="supplementary-material"}.

Results and discussion
======================

11-Mercaptoundecanoic acid (MUA)-functionalized Au NCs were obtained according to a one-pot strategy^[@bib45]^ through reducing process using a gold salt, THPC and MUA. Subsequently, Chi was assembled onto the Au NCs via reaction between the amino moieties of Chi and the carboxylic acid groups of the Au NCs to obtain Au NCs\@Chi. The prepared MUA-capped Au NCs were characterized by transmission electron microscopy (TEM; [Figure 2a](#fig2){ref-type="fig"}). The average particle diameter was approximately 2 nm. HRTEM showed a lattice distance of 2.35 Å, which corresponds to the (111) lattice spacing of fcc gold. The elemental analysis of the Au NCs given by energy-dispersive X-ray spectroscopy (EDS; [Supplementary Fig. S1](#sup1){ref-type="supplementary-material"}) indicated that the sample was composed of gold (Au), sulfur (S), carbon (C) and oxygen (O). TEM confirmed that there was no aggregation of Au NCs after reaction with Chi ([Figure 2b](#fig2){ref-type="fig"}). It is hard to observe Chi through TEM because of the low contrast of Chi. The data obtained from dynamic light scattering showed that the hydrodynamic diameters of the Au NCs and Au NCs\@Chi were 3.70±0.64 and 9.66±1.13 nm ([Figure 2d](#fig2){ref-type="fig"} and [2e](#fig2){ref-type="fig"}), respectively, which demonstrated the successful coating of Chi.

The modification of the Au NCs with Chi was confirmed by zeta potential analysis and Fourier transform-infrared (FT-IR) spectroscopy. The FT-IR spectra ([Figure 2g](#fig2){ref-type="fig"}) of the MUA-capped Au NCs did not show any free S−H peak, indicating the ligation of the S atoms of MUA with the clusters. A band at \~2920 and 1730 cm^−1^ were assigned to −CH~2~− stretching and C=O stretching modes of the carboxylic acid groups, respectively. After assembly of Chi onto the Au NCs, O−H bending (3310 cm^−1^) and C−O stretching (1034 cm^−1^) vibrations were found. A band appeared at 1531 cm^−1^, which was attributed to the C=O from amide groups, indicating the covalent conjugation of Chi with the Au NCs. In addition, the conjugation of positively charged Chi led to an increase of the zeta potential from −45.9 to 32.3 mV ([Figure 2h](#fig2){ref-type="fig"}).

The Au NCs and Au NCs\@Chi were characterized by UV/Vis absorption ([Figure 3a](#fig3){ref-type="fig"}). No characteristic broad surface plasmon resonance band (at \~520 nm) was observed, implying the absence of gold nanoparticles formed in solution. The obvious peak at 370 nm was ascribed to the molecular behavior of the Au NCs. No obvious difference was observed after assembly of Chi on the surface of the Au NCs. Upon photoexcitation, the MUA-capped Au NCs displayed a structureless emission band at 535 nm ([Figure 3b](#fig3){ref-type="fig"}), and the luminescence quantum yield in aqueous solution was measured to be 3.0%. The luminescence decay of the Au NCs in water was measured with excitation at 375 nm ([Figure 3c](#fig3){ref-type="fig"}). The biexponential decay curve displayed emission lifetimes of 47.9 ns (35.4%) and 349 ns (64.6%). The short component (47.9 ns) was ascribed to emission from singlet excited states^[@bib31],\ [@bib46],\ [@bib47]^, while the long component (349 ns) was attributed to charge transfer from the S atoms to the metal center. Further assembly of Chi did not affect the emission maximum of the Au NCs ([Figure 3b](#fig3){ref-type="fig"}), whereas the functionalization of Chi led to a quantum yield of 7.0%, which is higher than those of MUA-capped Au NCs previously reported^[@bib45],\ [@bib48],\ [@bib49],\ [@bib50],\ [@bib51]^. Au NCs\@Chi also displayed emission with a biexponential luminescence decay. The lifetimes of the two components were determined to be 188 ns (29.7%) and 710 ns (70.3%). Furthermore, we prepared Au NCs\@Chi samples with varied concentrations of Chi (0.5−5.0 mg ml^−1^). An increased concentration of Chi resulted in an enhanced quantum yield of Au NCs\@Chi (see [Supplementary Table S1](#sup1){ref-type="supplementary-material"} for details). The elongated emission lifetime and increased quantum yield of Au NCs\@Chi may be associated with decreased non-radiative processes due to the protection of Chi^[@bib52]^.

To demonstrate the effectiveness of the protection of Chi, we investigated the photoluminescence of the Au NCs and Au NCs\@Chi when there were environmentally relevant metal ions in solution ([Figure 3d](#fig3){ref-type="fig"}). The emission of the Au NCs was quenched by 1 mM Ni^2+^, Fe^3+^, Cd^2+^, Co^2+^ and Pb^2+^, while that of Au NCs\@Chi showed resistance to these ions. The quenching behavior may be attributed to the interaction between MUA and the metal ions. The interaction was weakened after the assembly of Chi. In addition, the stabilities of the photoluminescence of the Au NCs and Au NCs\@Chi were studied in different physiological environments, including in the presence of various anions, at different pH values (in the physiological range) and in the presence of biological molecules ([Supplementary Fig. S2](#sup1){ref-type="supplementary-material"}). The photoluminescence spectra of Au NCs\@Chi showed small fluctuations, implying their good stability. The results demonstrated the possibility for the use of Au NCs\@Chi as luminescent platforms in biological systems.

Encouraged by the good properties of Au NCs\@Chi, we further used them to construct a sensing platform (Au NCs-Cy1) for the detection of H~2~S. In the sensing system, as the Au NCs are unreactive toward H~2~S ([Supplementary Fig. S3](#sup1){ref-type="supplementary-material"}), the Au NCs served as a reference material. Compound Cy1 was designed and synthesized as a responsive compound, since Cy1 shows absorption and luminescence responses toward H~2~S due to specific nucleophilic addition^[@bib43]^. More importantly, its absorbance overlaps well in wavelength with the emission band of the Au NCs ([Supplementary Fig. S4](#sup1){ref-type="supplementary-material"}), facilitating FRET from the nanoclusters to Cy1.

Au NCs-Cy1 was obtained by reacting Cy1 with Au NCs\@Chi through amidation. The successful attachment of Cy1 onto Au NCs\@Chi was demonstrated by FT-IR spectroscopy and zeta potential analysis. Compared with the FT-IR spectrum of Au NCs\@Chi, new peaks at 1528 and 1636 cm^−1^ were illustrated in the spectrum of Au NCs-Cy1, which originated from the benzene stretching modes of Cy1 and the C=O stretching modes of the amide groups, respectively ([Figure 2g](#fig2){ref-type="fig"}). The zeta potential of Au NCs-Cy1 increased from 32.3 to 66.7 mV, implying the presence of the positively charged Cy1 compound ([Figure 2h](#fig2){ref-type="fig"}). In addition, the Au NCs after reaction with Cy1 were characterized by TEM and DLS ([Figure 2c](#fig2){ref-type="fig"} and [2f](#fig2){ref-type="fig"}). No aggregation of Au NCs-Cy1 was observed in the TEM image, and the DLS results displayed that the hydrodynamic diameter was 10.22±1.98 nm. The absorption band of Au NCs-Cy1 at 568 nm ([Supplementary Fig. S5](#sup1){ref-type="supplementary-material"}) was attributed to Cy1. The mass ratio of Cy1 to Au was estimated to be \~0.097, which was obtained from the results of the absorption spectrum and inductively-coupled plasma atomic emission spectrometry. Furthermore, we studied the photoluminescence spectrum of Au NCs-Cy1. Upon excitation at 405 nm, dual emission bands respectively localized at 512 and 604 nm were present. These luminescence bands were assigned to the emission of the Au NCs and Cy1, respectively. Owing to the weak absorption of Cy1 at 405 nm, the emission band at 604 nm was ascribed to a FRET process. The average emission lifetime of the Au NCs was shortened in the nanoprobe compared to that in solution and simultaneously that the average emission lifetime of Cy1 was extended to 24.2 ns in the nanoprobe, which demonstrated the occurrence of FRET process. The Förster radius was estimated to be 1.92 nm, which was in accordance with the basic principles of a FRET process^[@bib53]^. The luminescence photostability experiment of the nanoprobe showed that the emission bands centered at 512 and 604 nm maintained more than 88% and 85%, respectively, of their original luminescence after UV irradiation for 15 min ([Supplementary Fig. S6](#sup1){ref-type="supplementary-material"}), which is very much alike the good photostability of the Au NCs and Au NCs\@Chi ([Supplementary Fig. S7](#sup1){ref-type="supplementary-material"}). In addition, the photoluminescence spectrum of the nanoprobe did not show any remarkable changes when the solution was left to stand for more than 3 months, indicating the high stability of the probe. The luminescence ratio was also independent of different ions ([Supplementary Fig. S8](#sup1){ref-type="supplementary-material"}).

The sensing behavior of the prepared Au NCs-Cy1 to NaHS (a commercially available H~2~S donor) was investigated in PBS buffer ([Figure 4a](#fig4){ref-type="fig"} and [4b](#fig4){ref-type="fig"}), due to the good water solubility. The nanoprobe exhibited an obvious decrease of the absorption band at 568 nm when HS^−^ concentration was enhanced from 0 to 100 μM ([Figure 4a](#fig4){ref-type="fig"}). The detailed photoluminescence titration was performed upon excitation at 405 nm ([Figure 4b](#fig4){ref-type="fig"}). Addition of 100 μM HS^−^ led to distinct quenching of the emission band at 604 nm, while the band at 512 nm simultaneously exhibited a noticeable increment. The intensity ratio of the peaks at 512--604 nm was changed from 0.49 to 1.73 when HS^−^ (0−100 μM) was added ([Supplementary Fig. S9](#sup1){ref-type="supplementary-material"}). The detection limit was calculated to be 1.83 μM, which represents a sufficient sensitivity for the detection of physiological H~2~S levels^[@bib54]^.

To investigate the importance of the Chi concentration and low molecular weight for the sensing system, we first used different concentrations of Chi (0.5−5.0 mg ml^−1^) for the preparation of Au NCs\@Chi. DLS experiments of Au NCs\@Chi that were freshly prepared and stored after 15 days ([Supplementary Fig. S10](#sup1){ref-type="supplementary-material"}) were conducted. The diameters of Au NCs\@Chi showed no significant changes, demonstrating that they were well dispersed in water. TEM images of the obtained nanoparticles were consistent with the results obtained from DLS ([Supplementary Fig. S11a--S11c](#sup1){ref-type="supplementary-material"}). The emission maximum showed no shift when the Chi concentration was increased ([Supplementary Fig. S12](#sup1){ref-type="supplementary-material"}). Furthermore, they were modified with Cy1 and dispersed in PBS buffer for H~2~S detection. When the concentration of Chi was increased, the luminescence intensity ratios of Au NCs-Cy1 were similar with only small fluctuations ([Supplementary Fig. S13](#sup1){ref-type="supplementary-material"}), and the detection limits of these probes were determined to be 1.91, 1.82 and 2.06 μM. The similar sensitivity of the probes was ascribed to the sufficient number of Cy1 molecules attached on Chi. To balance the small size and good PL properties of the nanoprobe, we selected 1.0 mg ml^−1^ Chi for Au NCs\@Chi in further experiments.

In addition, Au NCs with varied average molecular weights of chitosan were prepared. The high viscosity of chitosan resulted in an increased hydrodynamic diameter, and the diameter slightly increased over 15 days ([Supplementary Fig. S14](#sup1){ref-type="supplementary-material"}). TEM images of the obtained nanoparticles were consistent with the results obtained from DLS ([Supplementary Fig. S11d and S11e](#sup1){ref-type="supplementary-material"}). The emission maximum showed no shift when the average molecular weight of chitosan was increased ([Supplementary Fig. S15](#sup1){ref-type="supplementary-material"}). Au NCs\@chitosan with different average molecular weights (190--310 kDa and 310--375 kDa) showed low quantum yields compared to those with low average molecular weight (50--190 kDa; see [Supplementary Table S2](#sup1){ref-type="supplementary-material"} for details). The decreased quantum yield of Au NCs\@chitosan and the increased donor−acceptor distance may lead to a low FRET efficiency of Au NCs-Cy1, thus inducing poor response to H~2~S ([Supplementary Fig. S16](#sup1){ref-type="supplementary-material"}). These results showed that chitosan oligosaccharide lactate with a low molecular weight is advantageous for the preparation of the nanoprobe with a small diameter and makes it possible to improve the sensitivity of the nanoprobe.

More experiments were carried out to determine the relation between the FRET efficiency and sensitivity of the nanoprobe with various concentrations of Cy1. We used different concentrations of Cy1 to modify Au NCs\@Chi. The FRET efficiencies of these prepared probes were 22.3%, 60.9% and 88.1%, and the response of the luminescence ratio to H~2~S is illustrated in [Supplementary Fig. S17](#sup1){ref-type="supplementary-material"}. The increased concentration of Cy1 resulted in a better response of the probe to H~2~S. The detection limit was determined to be 12.4, 2.71 and 1.78 μM for the various concentrations. These results showed that the increased concentration of Cy1 improved the FRET efficiency and sensitivity of the probe.

Furthermore, the response rate of Au NCs-Cy1 toward HS^−^ was investigated. When 100 μM HS^−^ was added, the response was completed within 90 s ([Supplementary Fig. S18a](#sup1){ref-type="supplementary-material"}), which is faster than the response time of other reported probes for the detection of HS^−^ ^[@bib55],\ [@bib56],\ [@bib57]^. In addition, the rapid and sensitive response of Au NCs-Cy1 was only remarkably triggered by HS^−^. Other competing analytes, such as halogen ions, reactive oxygen species and reactive nitrogen species, were also added to the system, and they showed little effect on the luminescence ([Supplementary Fig. S18b](#sup1){ref-type="supplementary-material"}). The ratiometric enhancement induced by HS^−^ was not interrupted when there were glutathione (GSH), homocysteine (Hcy) or cysteine (Cys) in the solution, thus reinforcing the good selectivity of the H~2~S-mediated nucleophilic addition due to the relatively lower pK~a~ value (\~7.0) of H~2~S than that of other biothiols^[@bib58]^. These results show the high sensitivity and selectivity of Au NCs-Cy1 to H~2~S.

In view of the long emission lifetime of Au NCs-Cy1, we investigated the luminescence lifetime sensing behavior for H~2~S. [Figure 4c](#fig4){ref-type="fig"} presents the relation between luminescence lifetime changes of Au NCs-Cy1 and the HS^−^ concentration. The luminescence of Au NCs-Cy1 at 512 and 604 nm exhibited multi-exponential decays. A total of three exponential functions were required in the photoluminescence decay fitting of Au NCs-Cy1 (see [Supplementary Tables S3--S4](#sup1){ref-type="supplementary-material"} for details). Prior to HS^−^ addition, the average emission lifetimes, *τ*~ave~, at 512 and 604 nm were 25.6 and 24.2 ns, respectively, which demonstrated the presence of FRET process. The three components of the lifetime at 512 nm were linearly elongated with an increase of HS^−^ concentration ([Figure 4e](#fig4){ref-type="fig"}), due to the fact that FRET was inhibited by the reaction with HS^−^. Interestingly, the presence of HS^−^ also led to an elongation of the average lifetime at 604 nm ([Figure 4d](#fig4){ref-type="fig"}). The shortest lifetime component originated from Cy1 showed very small changes ([Figure 4f](#fig4){ref-type="fig"}), while its fractional weight was decreased as the result of the blocked FRET process (see [Supplementary Table S4](#sup1){ref-type="supplementary-material"} for details). The longer components, which may be ascribed to the luminescence tail of the Au NCs, were elongated and dominant ([Figure 4f](#fig4){ref-type="fig"}). The lifetime changes upon H~2~S concentration make Au NCs-Cy1 a suitable lifetime-based sensor for H~2~S.

Considering the complex intracellular microenvironments, such as diverse salt, pH changes and protein concentrations, we checked the stability of the emission response of Au NCs-Cy1 under the following different conditions ([Figure 5a](#fig5){ref-type="fig"} and [5b](#fig5){ref-type="fig"}): (1) over a broad pH range, (2) with the addition of excess salt, and (3) dispersed in a cell culture, DMEM. The results showed that the ratiometric luminescence response was independent of the pH value (4−9), NaCl solution (50 mM), and presence of the cell culture. In addition, we tested the effect of metal ions and proteins on the detection of H~2~S ([Supplementary Fig. S19](#sup1){ref-type="supplementary-material"}). Except K^+^ and Na^+^, other metal ions with high concentrations showed intense effects on the response of the probe for the detection of H~2~S due to the strong affinity between the metals and sulfide ions. However, the concentrations of these free metal ions are below 10^−7^ M in cells according to previous reports^[@bib59],\ [@bib60],\ [@bib61],\ [@bib62],\ [@bib63]^. The luminescence ratio changes with these metal ions (10^−7^ M) being added demonstrated that these metal ions with low concentrations showed only small effects on the detection of H~2~S. The sensing properties of the probe to H~2~S were investigated in the presence of different proteins. Proteins, including BSA, pepsin, thrombin, lysozyme, trypsin and hemoglobin, were used. The presence of proteins led to small fluctuations in the luminescence ratio changes when NaHS was added.

Biocompatibility is a key for success when applying Au NCs-Cy1 *in vitro*. The biocompatibility of Au NCs-Cy1 was determined by MTT assay ([Figure 5c](#fig5){ref-type="fig"})^[@bib64]^. The viability of cells treated with final concentrations of Au NCs-Cy1 (0, 12.5, 25, 50, 100 and 200 μg ml^−1^) remained more than 80% after 24 h incubation, indicating that the as-prepared Au NCs-Cy1 showed the low cytotoxicity.

To explore systematically the uptake of Au NCs-Cy1 by living HeLa cells, a series of experiments were performed ([Supplementary Fig. S20](#sup1){ref-type="supplementary-material"}). First, Au NCs-Cy1 (25 μg ml^−1^) added into the cell culture for 2 h incubation at 4 °C to ensure whether the uptake mechanism of Au NCs-Cy1 underwent a passive or active process. The cells incubated at 4 °C displayed weak luminescence ([Supplementary Fig. S20b](#sup1){ref-type="supplementary-material"}) compared to that at 37 °C ([Supplementary Fig. S20a](#sup1){ref-type="supplementary-material"}), which suggested that the uptake of Au NCs-Cy1 underwent an energy-relying process. Second, the effects of endocytotic and metabolic inhibitors on the cellular uptake of Au NCs-Cy1 were investigated ([Supplementary Fig. S20c and S20d](#sup1){ref-type="supplementary-material"}). After the cells were incubated with Au NCs-Cy1 and well-documented inhibitors (2-deoxy-D-glucose and olimycin, NH~4~Cl), the luminescence intensities were significantly decreased. The cellular uptake of Au NCs-Cy1 was measured through flow cytometry ([Supplementary Fig. S20e](#sup1){ref-type="supplementary-material"}). The luminescence ratio of the green to red channels were consistent to that obtained from luminescence images, which indicates that Au NCs-Cy1 is stable in the cells, and entered the cells through an energy-dependent and endocytotic pathway.

Photobleaching is another problem that limits the application of the luminescent probes in biological samples. When the HeLa cells were incubated with 25 μg ml^−1^ Au NCs-Cy1, the luminescence intensities in the green and red luminescence channels were monitored for 1 h under the illumination of a 405 nm laser ([Figure 5d](#fig5){ref-type="fig"}). Although we observed slight variations in the luminescence intensities because of the fluctuation of the excitation pulsed power, the luminescence intensity ratio of green to red luminescence was almost unchanged. The above results demonstrated that Au NCs-Cy1 is a promising probe for biological applications.

The use of Au NCs-Cy1 to visualize intracellular H~2~S was determined via laser scanning confocal microscopy. As illustrated in [Figure 6a](#fig6){ref-type="fig"}, the cells loaded with 25 μg ml^−1^ Au NCs-Cy1 for 2 h displayed dual luminescence in both channels, and the red luminescence was more intense than the green one. Further addition of HS^−^ (100 μM) in the cell culture for 1 h significantly enhanced the green luminescence, while decreased the red one ([Figure 6b](#fig6){ref-type="fig"}). The corresponding luminescence ratio of the green to red channel changed from 0.51 to 1.56 in the presence of 100 μM NaHS ([Figure 6b](#fig6){ref-type="fig"} and [6e](#fig6){ref-type="fig"}). The small discrepancy of response of Au NCs-Cy1 to H~2~S between in buffer and in the cells may ascribe to the intracellular microenvironments that are more complicated than aqueous system. In addition, Au NCs-Cy1 was also used to ratiometrically monitor endogenously generated H~2~S in the HeLa cells. *S*-Nitroso-*N*-acetyl-dl-penicillamine (SNAP) was used as an irritant to generate endogenous H~2~S^[@bib65]^. The SNAP (400 μM)-treated cells that were followed by incubation with Au NCs-Cy1 for 2 h displayed an increase of the luminescence ratio by a factor of 2.8 ([Figure 6c](#fig6){ref-type="fig"} and [6e](#fig6){ref-type="fig"}). In addition, 600 μM DL-propargylglycine (PPG), an inhibitor of endogenous H~2~S^[@bib66]^, was added to the cell culture for 30 min incubation to conduct a parallel experiment. Interestingly, the luminescence ratio of the PPG-treated cells was detected to be 0.48, which was lower than that of the Au NCs-Cy1-loaded cells (0.51) ([Figure 6d--6e](#fig6){ref-type="fig"}). The slight difference of the luminescence ratio in the cells may be attributed to a low dose of H~2~S production in the cells. We utilized Photoluminescence lifetime imaging microscopy (PLIM) to detect exogenous and endogenous generation of H~2~S in the cells ([Figure 6a--6d](#fig6){ref-type="fig"}). The HeLa cells treated with Au NCs-Cy1 (25 μg ml^−1^) showed an average luminescence lifetime of approximately 24.3 ns ([Figure 6a](#fig6){ref-type="fig"} and [6f](#fig6){ref-type="fig"}). The slight difference of the lifetime values between the cells and aqueous solution was attributed to the complex physiological environment. Similar to the variation trend in aqueous solution, further incubation with NaHS (100 μM) for 1 h elongated the lifetime to approximately 96.0 ns due to the blocked FRET process ([Figure 6b](#fig6){ref-type="fig"} and [6f](#fig6){ref-type="fig"}). When the cells were stimulated with SNAP, Au NCs-Cy1 displayed a long lifetime of approximately 91.6 ns ([Figure 6c](#fig6){ref-type="fig"} and [6f](#fig6){ref-type="fig"}), which demonstrated that endogenous HS^−^ led to a lower response from Au NCs-Cy1 compared to exogenous HS^−^. When the commonly used H~2~S inhibitor, PPG, was added into the culture, the lifetime was determined to be approximately 14.1 ns ([Figure 6d](#fig6){ref-type="fig"} and [6f](#fig6){ref-type="fig"}). All these obtained results indicated that Au NCs-Cy1 could be engaged as a sensitive sensor intracellular HS^−^ via PLIM imaging.

To ensure whether the ratiometric and lifetime-based detection is resistant to external influences in intracellular detection, we designed the parallel experiments for the ratiometric H~2~S imaging. In these experiments, the difference of experimental conditions included decreased incubation temperature, decreased incubation concentration of the nanoprobe, elongated incubation time and enhanced laser power for detection. Confocal luminescence imaging showed that, in contrast to the fluctuant luminescence intensity, the ratio was only associated with HS^−^ ([Supplementary Fig. S21a--S21d](#sup1){ref-type="supplementary-material"}) and was independent of the nanoprobe concentration, incubation time, or excitation power. The data obtained from the flow cytometry analysis also supported this conclusion ([Figure 6e](#fig6){ref-type="fig"}, [Supplementary Fig. S21e--S21i](#sup1){ref-type="supplementary-material"}). Since the incubation temperature and time also affected the probe concentration in cells, we used these two conditions as well as decreasing the incubation concentration to investigate the resistance of the lifetime-based detection to probe concentration. Similarly, the lifetime values were only influenced by HS^−^ ([Supplementary Fig. S22](#sup1){ref-type="supplementary-material"}) and were not affected by the excitation pulsed power and probe concentration.

Encouraged by the good results obtained in the intracellular environment, we also attempted to detect exogenous and endogenous generation of H~2~S in live zebrafishes. The wild-type 5-day-old zebrafish were injected with 25 μg ml^−1^ Au NCs-Cy1. As illustrated in [Figure 7a](#fig7){ref-type="fig"}, the luminescence from the green and red channels varied in intensity, with an *I*~green~/*I*~red~ ratio of 0.9. The ratio increased upon the addition of NaHS and L-cysteine, which is a substrate to generate H~2~S ([Figure 7b](#fig7){ref-type="fig"} and [7c](#fig7){ref-type="fig"})^[@bib67]^. The stimulation of PPG resulted in a decrease of the ratio ([Figure 7d](#fig7){ref-type="fig"}). Au NCs-Cy1 was demonstrated to show feasible H~2~S sensing in zebrafishes.

We subsequently examined the capability of the lifetime-based H~2~S sensing in zebrafish larva using PLIM. Unfortunately, the emission lifetime of Au NCs-Cy1 in zebrafish was shorter than that in the cells, which may arise from unavoidable interference of the intense autofluorescence. Although the emission lifetime of Au NCs-Cy1 was shortened in a real environment, Au NCs-Cy1 displayed a distinguishable lifetime compared to the autofluorescence in the zebrafish ([Figure 8a](#fig8){ref-type="fig"}). PLIM revealed that the lifetime of Au NCs-Cy1 detected through a bandpass filter (520±20 nm) was average \~2.2 ns. Treatment with NaHS and L-cysteine increased the lifetime to 5.5 and 5.1 ns, respectively, while the addition of 600 μM PPG shortened the lifetime to 1.8 ns. These results showed the sensitivity of Au NCs-Cy1 to visualize endogenous H~2~S. To further prove the existence of long-lived signals from Au NCs-Cy1, a time-gated imaging (TGI) measurement was conducted to investigate the Au NCs-Cy1-treated zebrafish ([Figure 8b](#fig8){ref-type="fig"} and [8c](#fig8){ref-type="fig"}). Images that collected signal after exerting a time delay of 25 ns revealed that the intense autofluorescence in the zebrafish was not observed, while the images of the Au NCs-Cy1-treated zebrafish without delay time displayed intense signals, which indicated that the long-lived nanoprobe had advantages of anti-interference from the autofluorescence. Furthermore, the emission signals from Au NCs-Cy1 with different stimulation were monitored by TGI ([Figure 8d](#fig8){ref-type="fig"} and [8e](#fig8){ref-type="fig"}). An interesting observation was that treatment with NaHS and L-cysteine enhanced the long-lived luminescence signal (*τ*\>25 ns). Both changes were more obvious ([Figure 8e](#fig8){ref-type="fig"}) compared to that detected without a time delay ([Figure 8d](#fig8){ref-type="fig"}). A decreased intensity was also detected when PPG was added to inhibit the generation of H~2~S ([Figure 8e](#fig8){ref-type="fig"}). These results showed that the TGI technique could eliminate autofluorescence and increase the signal-to-noise (S--N) ratio for the H~2~S sensing.

Conclusions
===========

In the article, we designed and obtained Au NCs\@Chi, which exhibited emission with enhanced quantum yield, elongated emission lifetime and remarkable photophysical stability over Au NCs. The free amino groups onto the cluster permits Au NCs\@Chi to be further modified and can serve as a potential nanoplatform for biological applications. Furthermore, we employed Au NCs\@Chi to construct a sensing platform applied to detect exogenous and endogenous H~2~S through ratiometric and time-resolved luminescence imaging. In contrast to an intensity-based measurement, both ratiometric and time-resolved methods can avoid interference from the probe concentration and excitation pulsed power and improve the accuracy of detection. In addition, the time-resolved luminescence imaging can minimize the interference of background fluorescence and increase the S--N ratio. The disadvantage of this probe was the small optical penetration depth, which inhibited its applications in mouse models. Hence, the further development of a near-infrared probe for H~2~S sensing is currently under investigation. Moreover, the sensing platform developed in this work is not limited to H~2~S and can be further applied to develop many ratiometric and long-lived luminescent sensors for specific analytes through the conjugation of different responsive organic compounds onto Au NCs\@Chi. The utilization of the sensing platform will enable high accuracy and improve anti-interference in physiological detection.
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![Schematic diagram of the nanoprobe.](lsa2017107f1){#fig1}

![TEM images (**a**--**c**) and DLS results (**d**--**f**) of the Au NCs, Au NCs\@Chi and Au NCs-Cy1; FT-IR spectra (**g**) of the Au NCs, Chi, Cy1, Au NCs\@Chi and Au NCs-Cy1; zeta potentials (**h**) of the as-prepared Au NCs, Au NCs\@Chi and Au NCs-Cy1 in water.](lsa2017107f2){#fig2}

![Absorption spectra (**a**), photoluminescence spectra (**b**) and photoluminescence decays (**c**) of the Au NCs and Au NCs\@Chi in water. (**d**) Relative luminescence (*I/I*~0~) at *λ*~ex~=405 nm of the Au NCs and Au NCs\@Chi (25 μg ml^−1^) with 1 mM of various metal ions being added.](lsa2017107f3){#fig3}

![Absorption (**a**) and photoluminescence (**b**) spectra of Au NCs-Cy1 (25 μg ml^−1^) in PBS (pH 7.4) with the addition of 100 μM NaHS. Changes in the time-resolved photoluminescence decay at 512 nm (**c**) and 604 nm (**d**) of Au NCs-Cy1 (25 μg ml^−1^) upon addition of NaHS (0−100 μM) obtained with 375 nm excitation. (**e**) NaHS dependence of the lifetimes of the three exponentials required to fit the luminescence decay curves at 512 nm and the corresponding linear regressions. (**f**) NaHS dependence of the lifetimes of the three exponentials required to fit the luminescence decay curves at 604 nm and the corresponding linear regressions.](lsa2017107f4){#fig4}

![(**a**) The emission ratios (*I*~512~/*I*~604~) of Au NCs-Cy1 (25 μg ml^−1^) in PBS buffer, in NaCl solution (50 mM) and in a cell culture, DMEM, before and after 100 μM NaHS was added; (**b**) stability of the emission ratio (*I*~512~/*I*~604~) of Au NCs-Cy1 (25 μg ml^−1^) at different pH values; (**c**) cytotoxicity of Au NCs-Cy1 on living HeLa cells analyzed via the MTT experiment; (**d**) photostability of Au NCs-Cy1 (25 μg ml^−1^) in live cells. Emission wavelengths: 520±10 nm and 610±20 nm; excitation wavelength: 405 nm.](lsa2017107f5){#fig5}

![Confocal laser scanning microscopy, ratiometric and PLIM images of the HeLa cells treated with Au NCs-Cy1 (25 μg ml^−1^) for 2 h at 37 °C (**a**), Au NCs-Cy1 loaded cells that was incubated with NaHS for 1 h (**b**), and the cells stimulated with SNAP (**c**) and PPG (**d**) and incubated with Au NCs-Cy1 for 2 h at 37 °C. (**e**) Intracellular luminescence intensities recorded from the green and red channels and the ratiometric signal of green to red channel (Ratio). The luminescence intensities and ratiometric signals were determined from the cells incubated with Au NCs-Cy1 (1), in the presence of NaHS (2), and stimulated with SNAP (7) and PPG (8). Control experimental conditions: (3) luminescence intensity of the cells incubated with Au NCs-Cy1 collected at 25 °C in the presence of NaHS. (4) HeLa cells with NaHS treated with Au NCs-Cy1 (10 μg ml^−1^) for 2 h. (5) the time of incubation of cells with NaHS was elongated to 4 h; (6) the cells were illuminated under increased laser power in the presence of NaHS. These results were obtained by flow cytometry analysis; (**f**) average lifetime histograms of intracellular Au NCs-Cy1, followed by incubation with NaHS and stimulation with SNAP and PPG. Excitation wavelength was 405 nm; lifetimes were collected through a 520±20 nm bypass filter.](lsa2017107f6){#fig6}

![Confocal laser scanning microscopy and bright and ratiometric luminescence images of zebrafish after injection of Au NCs-Cy1 (25 μg ml^−1^) at 37 °C (**a**), Au NCs-Cy1 loaded zebrafish that were treated with NaHS for 1 h (**b**); zebrafish stimulated with [l]{.smallcaps}-cysteine (**c**) and PPG (**d**) and injected with Au NCs-Cy1 (25 μg ml^−1^) at 37 °C. The green channel was acquired by collecting the luminescence at 520±20 nm (Chan. 1), while the red channel corresponded to 610±20 nm (Chan. 2). The ratiometric luminescence images were the ratio of Chan 1. to Chan. 2.](lsa2017107f7){#fig7}

![PLIM (**a**) and TGI (**b**,**c**) images of live zebrafish before and after injection of Au NCs-Cy1 (25 μg ml^−1^), followed by treatment with NaHS (100 μM) for 1 h; zebrafish stimulated with L-cysteine (500 μM) and PPG (600 μM) and injected with Au NCs-Cy1 (25 μg ml^−1^) at 37 °C; Lifetimes were collected through a 520±20 nm bypass filter; luminescence intensity recorded from TGI images without (**d**) and with (**e**) a time delay.](lsa2017107f8){#fig8}
